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DSMC Computations for Regions of

Shock/Shock and Shock/Boundary Layer
Interaction

James N. Moss*

j.n.moss"(_larc.nasa.gov

NASA La'l_gley Research Center, Hampton, t')t 23681-2199

This paper presents the results of a numerical study of hypersonic interacting flows
at flow conditions that include those for which experiments have been conducted in the
Calspan-University of Buffalo Research Center (CUBRC) Large Energy National Shock
(LENS) tunnel and the ONERA R5Ch Iow-denslty wind tunnel. The computations are
made with the direct simulation Monte Carlo (DSMC) method of Bird. The focus is
on Mach 9.3 to 11.4 flows about flared axisymmetric configurations, both hollow cylinder
flares and double cones. The results presented highlight the sensitivity of the calculations
to grid resolution, provide results concerning the conditions for incipient separation, and
provide information concerning the flow structure and surface results for the extent of
separatiom heating, pressure, and skin friction.

C_

Cf
CH

Cp
d

F

k

Kn_,r_
L

Ll

lkI_
n

P

q
R

Rex.L

Rex,d
s
S

T

T*

u

1"

x.y
0i

Nomenclature

Chapman-Rubcsin viscosity constant,
T T* 0.',:,C' T-_tt*/T* It._ _, ( _,/ ) -

friction coefficient, %/(().5p_cl'_)

heat transfer coefficient, qw/(O.Sp_t_)

pressure coefficient, (p,,, - p_ ) / (O.op _ I'_ )
maximuna double cone diameter, m

ratio of simulated to real moh,('ules

Boltzmann constant, 1.380658 x I()-2a,IK - i

free-stream Knudsen number, )_/L

length from cylinder leading edge to flare, m

wetted h'ngth of first ('on('
fr,_e-stream Mach number

number density, m -_

pressure, N/m _

wall heat transfer rate, kW/m'-'
r(,attaclllll(qlt h)cation. 111

Re.vnolds numb(_r, p,. 1",, L/p ,.

Reynolds number, p_ I i_d/lt_

wetted length, m

separation location, m

temp('rature, K

reference temperature (Eq. 6), K

velocity in x-direction, m/s
free-stream velocity m/s

rarefaction parameter, I-= :: M :. X/("/Re x..I.
model coordinat('s. Ill

incipient separation angle, deg

mean free path in fi'ee stream, m
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viscosity, Pa.s

density, kg/m a
viscous shear stress, N/re'-'

hyp(,rsonic viscous interaction para,n(,t('r.

Subscripts

w wall

oc free stream
ref reference

Introduction

'YPERSONIC separated flows produce shock/.shock and shock/boundary layer interactions

that create augmented aerothermal loads and reduced
surface control effectiveness, issues critical to hyper-

sonic v(qfi('h' (tesign. To enhance tD' understanding

of such flows, experimental and computational studies

have been actively promoted by the North Atlantic

Treaty Organization (NAT()) Research Technology

Organization (RTO, formerly AGARD) for basic ax-

isymmetric configurations and fl)r a range of Reynolds
numbers. The current study focuses on experimental

conditions where separation and reattachment occur

under laminar conditions and where the flow is as-

sumed to be steady. Calculations are made by using

tit(' dire('t siinulation Monte Carh) (DSMC) method

of Bird l for both hollow cylinder-flare and double-
cone models. The flow conditions simulated include

those for which experiments have been conducted in
two facilities: th(' ()NERA RSCh Math 10 low-density

wind tunlM and the C.alspan-Univorsity of Buffalo R('-

search Center (CUBRC) Large Energy National Shock

(LENS) tunnel.
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The hollow cylinder-flare model has a sharp leading
edge. a cylinder 101.7 mm long, and a 30 ° flare. The

author has presented extensive calculations (l_efs. 2

to 8) for the cylinder-flare model at the ONEIIA test

conditions highlighting the noncontinumn and ('ontin-

uum aspects for the flow, the sensitivity to numerical
simulation parameters, the agreement with measure-

ments made in the ()NERA wind tunnel, differences in

two-dimensional (2D) and axisymlnetric results, con>

parisons with boundary laver (only cylinder or plate
results) and Navier-Stokes solutions, and the sensitiv-

it}, of the ('alculations for the cylinder portion of the

model to numerical parameters. In the t)resent pa-

per. results of new DSMC calculations are included fl)r

more energetic flows, as produced in the LENS tuImel

for Math I I nitrogen flow. These calculations include

a parametric ranK(, of conditions (fl'ee-stream density

variations) to identify incipient separation conditions

an(t three test cases fl)r which experiments have been

condu('ted u to lll('itSlll'(' surface heating alia pressure
distributions.

Calculations for the double-cone models t° are for

flow conditions similar to the hollow cylinder-flare

study. For the double-cone configurations investi-

gated, the shock/shock interactions are stronger than

those for the hollow cylinder-flare models. The first

cone half angle is 25 °, while the second cone half angle

is 55 ° . The current double cone configuration produces
strong shock interactions because the attached shock

from the first cone interacts with the stronger bow
shock fi'om the second cone. Also, the outer shocks are

modified by the separation and reattachn|ent shocks

where the extent _)f flow separation is significant for
the combinations of model size and flow conditions ex-

amined. Results are presented that demonstrate the

sensitivit.v of the surface results to numerical parame-

ters. Reynolds number, and flow conditions.

Viscous Interaction and Rarefaction

Parameters

In the t)r,'sent study, the characteristic dimension se-

lected for the hollow cylinder-flare is the length from

the cylinder leading edge to the flare L, while that se-
lected for the double cone is the maximunl diameter

d. For the equations in this section, L will be used

as tile characteristic length. Since moderate to low-

Reynolds number results are normally presented as a

function of viscous interaction and rarefaction param-

eters, definitions of those used in the current study are
presented.

The fl'ee-stream Knudsen number is defined as

Kn,..,r ,\, /L (1)

where L is the characteristic dimension. Also, the Kn

can be expressed in terms of Math and Reynolds nunl-

bers with the following relation

Kn_,r. = 1.276_M_/Rc_.r. (2)

if one uses the boundary layer thickness 5 as a char-

acteristic length, then it can be shown that

/

Kn
._ ,,, M_ _/C'/lle_, r, (3)

which is closely related to the following rarefaction pa-
ranleter

V = M,ov/C'/Re_r, (4)
I

where

(" p*IF/p,c.IL_ _. (T,_/T*) °2_ (5)

and p* and It* are evaluated at a reference temperature

given by Ilef. 11 (p. 319)

T_--7 = 0..168 + 0.532 _ + 0.195 M;: (6)

The 0.25 exponent for the temperature ratio in Eq. 5

results fi'om assuming that the viscosity is a function

of the temperature raised to the 0.75 power.

A I," parameter is often used for correlating pressure
and force coefficients. This parameter has also met

with some success in correlating heat transfer mea-

sur(unents.li The 1= parameter is closely related to

the Knudsen number: therefore, the larger the value

of I'. the larger the effect of rarefaction.

The hypersonic viscous interaction parameter _ can

[)e (,xt)ress(,d is terms of 1" by the following expression

X- M;_ (7)

The induced surface pressure arising fl'om hypersonic
viscous int('ractions is often correlated as a function

of _. Large values of ;_ (_' > 3) correspond to

strong interaction, while small values of 7_ (Y < 3)
denote a weak interaction region. It has been shown 11

that _ is an apt)r(_priate viscous correlation param-

eter for induced pressure changes in both the weak

and the strong interaction regions. However, as the

flow becomes more rarefied when the leading edge is

aI)proached, the continuum assumptions break down,
and the m('asuI'ed pressures are consi(terably less than

those predicted by strong interaction theory or those
calculated with DSMC. _u The strong interaction

model has a definite upstream limit that appears to
be det(,rmined by the rarefaction t)arameter I" rather

than _7. The thin R.ankine-Hugoniot shock structure

breaks down upstream of I" _ 0.15, where there is a

large discrepancy between tile measured and Rankine-

Hugoniot values of shock density. (Agreement between

('xperimental and DSMC results are shown to t)e very

good in Fig. 12 of llef. 12). Consequently, 0.15 _< I" <

0.20 is often quoted as the boundary betw(_',n the

strong interaction and merged layer regimes.
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As will be demonstrated later, all the experimental

test cases considered in the present study are in the

strong interaction regime based on the previous ex-

pression for _ when evaluated at the location of the

deflected surfaces (flare or second cone).

DSMC Code

The DSMC code used in the current study is the

general 2D/axisymnwtrie code of Bird. 1,1:_ The molec-
ular collisions are sinmlated with the variable hard

sphere (VHS) molecular model. Energy exchange
between kinetic and internal modes is controlled by

the Larsen-Borgnakke statistical model. II For the

present study, the simulations are performed by us-

ing nonreacting gas models while considering energy

exchange between translational, rotational, and vibra-
tional modes. A constant rotational relaxation colli-

sion number of 5 was used for the cah:ulations. The

vibrational collision number was 50. The reference

conditions for the VHS model were as follows: ref-

erence temperature = 300 K, temperature exponent

of the viscosity coefficient 0.75, and r,,feren('e diam-

eters fl)r 0.2 and ,\'e were 3.96 x 10 m m and 4.07 x

10 -m m, respectively. The model surface is assumed

to have a specified constant temperature. Full thermal
accommodation and diffuse refection are assumed for

the gas-surface interactions.
ConllllOll to the DSMC simulations presented is the

treatment of the computational domain griding, which

consisted of an arbitrary number of regions. Each

region is subdivided into cells, and the cells in se-

lected regions are subdivided into subcells to enhance

the spatial resolution used to select collision partners.

In general, the cell dimensions within a region were
nonuniform in both directions, with geometric stretch-

ing exceeding an order of magnitude in some regions.
Also. the macroscopic quantities are time-averaged re-
sults extracted fi'om the individual cells. Since the

computational regions were not run with necessarily

the same time step, it was essential that steady state

conditions be established before generating the final

time-averaged results. Steady state was assumed to
occur when the total molecules used in the simulation,

average molecules in each region, and surface quanti-

ties (locations and size of the separation region, and

beating) became essentially constant when sampled se-

quentially over significant time intervals.

Hollow Cylinder-Flare Results

The ONERA hollow cylinder-flare test case con-

sidered was formulated initially as one of the test

problems concerning shock wave/boundary layer inter-
actions in an AGARD Vvbrking Group 18 activity 1'5
for the validation of Navier-Stokes solvers for (:old

high-speed flows where the interactions produce large

separated regions under laminar conditions. The ini-
tial test case generated considerable interest for code

validation, as is evident by the AGARD activity _a and

several independent workshops (Ref. 16, for example).

Interest in this problem continues with the expan-
sion of test cases to include additional flow conditions

and model sizes 'r" '* in the current Research Technol-

ogy Organization (RTO, formally AGARD), working

group 10 activities.

A motivation for investigating these test cases with

DSMC has been to identify the level of grid resolu-

tion and related computational parameters that one
nmst use to achieve accurate results for problems with

complex interactions (where the grid resolution is im-

portant in directions otlwr than the one normal to th('
surface). Furthermore. DSMC codes provide a sim-

ulation capability that is valid across the entire flow

spectrum of flee molecular through continuum, a desir-
able feature for the current problems. However, there

are practical limitations when using the DSMC ap-

proach due to excessive conlputational requirements as
one moves well into the continuum regime for nmhipIe-

dimensional problems.

Tlw current study provides numerical simulations

for several sets of hypersonic flow ColMitions (Tat)le 1).
where some of the conditions are those for which tests

have been conducted in the ONERA RaCh low density

wind tunnel and the CUB[IC LENS tunnel. The LENS

test conditions denoted as LENS-19, LENS-11. and

LENS-9 are conditions for which tests have been con>

pleted by CUBRC. Results of the CUBRC tests are not

currently available for comparison with calculations:
however, experinaental measurements for surface heat-

ing and pressure distributions will be nlade available
in Ref. 9. The remaining LENS conditions have an al-

phabetic letter extension which denote either a pretest
nominal condition (LENS-A) or an assumed condi-

tion resulting from parametric variations of the free-

stream density for the LENS-9 condition producing

the LENS-B through LENS-G conditions. The order

of magnitude variation in density provides a range of
conditions that allows one to identi_, the conditions

that produce incipient separation fl)r the current ax-

isymmetric configuration and the nature of the viscous

and shock/shock interactions for free-stream Reynolds

numbers in the range of 2 500 to 25 000.

Details of the model configuration used in the ON-

ERA tests are presented in Fig. 1. The hollow cylinder

has a sharp leading edge with a bevel angle of 15 ° and

is aligned parallel to the oncoming flow. The com-

pression flare is inclined 30 ° to the cylinder and is

ternfinated by a hollow cylindrical section. Additional
information concerning model construction, materials,

and instrumentation is given in Refs. 6 and 19.

For the CUBRC tests, two hollow cylinder-flare con-

figurations are used as described in Refs. 17 and 18
one that minfics the ONERA lnodel and will be re-

ferred to as the "short" flare (current calculations use

the dimensions shown in Fig. 1 for describing the
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model outer surface for both the ONERA and the

LENS short-flare model) and a model with a much

longer flare. For the long-flare model, tile horizon-

tal length of the flare (referred to as the long flare) is

118.28 nun rather than the 43.3 nmt shown in Fig. 1.
and the model terminates at the end of the flare no

cylindrical extension.

- 101.7

A

32.5 15 _ 225

T !

43,3 _ 25 -

/-'30 ° _.._ .....

._ 20 ° 57.5
,4

Dimensions in mm

near the end of the flare where the shock layer thick-

ness is at a minimum and the density is at a maximum,
equal to 11.4 times the fr_>stream value.

0.12

0.10

0,08

E

>" 0.06

004

0.02

0.00 '
000

Mach 9.9t air, Re. _=18,916

Fine-grid results Region Cells Subcells/Cell
4-region domain 1 75x 100 2 x 2
78,100 cells 2 100 x 225 2x2
312,400 subcells 3 120 x 375 2 x 2
1,900,574 molecules 4 20 x 180 2 x 2
At_= 75 ns
t_,_g= 3.67 to 5.25 ms

4 M = I_ "" &--S x s = 76.76 mm
_-,,_ !L = 101.7 mm _,s xn = 134.4 m m

Ax/L = 0.567

' ' ' '005 .... 0 110 .... 0. 115' '

x, rrl

Fig. 1 ONERA holh)w cylinder-flare model (x
measured from leading edge and L = 101.7 rnm).

Fig. 2 Flow structure and simulation parameters
for ONERA hollow cylinder flare at R5Ch condi-
tions.

Cah'ulations for R5Ch Conditions and

Comparison with Measurements

Figures 2 through 8 present results of the calcula-

tions first reported in Refs. _ and 5 that describe the
flow-field features and surface results for the ONERA

hollow cylinder-flare test case. The experimental valu(,

for" free-stream Reynolds number is 18916. where the

viscosity (3.29 x l() -_ Pa * s) is given by the Suther-

land expression and the characteristic dimension is the

cylinder length L. Also presented are comparisons of

the surface r(,sults for heating, pressure, and tit(" (-xtent

of separation with the experimental measurements de-
scribed in Refs. 6, 7, and 19. The current results are

those obtained with the finest grid resulting from the

grid resolution study described in Ref. 4. The pre-

vious eah'ulations show that th(' extent of separation

is quite sensitive to the grid a much smaller sepa-

ration region is obtained with a coarse grid. Data

included in Fig. 2 provide information concerning the

grid and simulation param('ters fl)r the finest grid so-

lution. A fl)ur-region computational domain was used

where each cell was subdivided into four subcells (2

x 2). The time step in each of the four regions had
values of 75, 75, 28, and 15 ns, respectively.

General flow features for this test case are evident in

Figs. 2 and 3. Figure 2 shows selected Math contours

and streamlines, while Fig. 3 presents the normalized

density contours. Evident is a large separation region
characterized by a single vortex embedded in the sub-

soni(' flow region. ('ah'ulat('d locations for separation

and r_,atta('hnlent (denoted by" S and R. respe('tively)

are 76.76 mm and 134.1 mm downstream of the cylin-
der leading edge. The shock/shock interaction occurs

014

012

0.10

E 0.08

0.06

0.04

002

t"
r"

000 1
0.00

p = 4.303 x 104 kg/m _

(ptp')u"' = 14'21 01__

J t J I i ¢ I I i ¢ , B , I ,

005 0.10 0.15

×,m

Fig. 3 Density contours for ONERA hollow cylin-
der flare at R5Ch conditions.

Figures 4 through 6 present the calculated surface
results for skin friction coefficient, heating rate, and

pressure coefficient as a function of the distance from

the cylinder leading edge (normalized by the cylin-

der length L). Maximum values for friction, heating

rate, and pressure occur on the flare at a location

downstream of reattachment very close to the end

of the flare located at x/L = 1.426. Included in these

figures are the results of the experimental measure-

ments 6, r for the extent of separation as inferred from

oil flow measurements, heating rates extracted by us-

ing a thin-film technique, and surface pressure inferred
fi'om variable reluctance differential transducers con-

nected to the model pressure taps by tubes.

Agreement between the calculated and the measured
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Table 1 Free-stream and surface conditions for hollow cylinder-flare calculations.

Condition 1"x. m/s nx, m -3 T_c. K p_, kg/m 3 p_, N/m _ Mx Rc:_,r Gas Tu,, K

RSCh 1418.7 8.950 x 1()21 51.0 4.303 x 1() -_ 6.3 9.91 18916 Air 293.0

LENS-A 2718.6 1.463 x 10 .2.2 194.1 6.808 x 10 _ 39.2 9.57 14920 N., 297.8

LENS-19 2575.6 1.850 x 10 °., 121.7 8.607 x 10 _ 31.1 11.45 25360 .\'., 296.1

LENS-11 2609.1 1.089 × 1022 128.9 5.066 x 10 -_ 19.4 11.28 14490 A'., 297.2

LENS-9 2566.4 1.817 x 1()22 121.1 8.452 x 10 -_ 30.4 11.44 24910 N2 296.7

LENS-B 2566.4 1.240 x 1022 121.1 5.770 x 10 -1 20.7 11.44 17000 .\'., 296.7

LENS-C 2566.4 1.021 x 1(12., 121.1 4.751 x 10 _ 17.1 11.44 14000 N2 296.7

LENS-D 2566.4 8.022 x 1() 2L 121.1 3.732 x 10 I 13.4 11.44 11000 N2 296.7

LENS-E 2566.4 7.293 x 102t 121.1 3.393 x 10 .4 12.2 11.44 10000 N2 296.7

LENS-F 2566.4 5.105 x 1021 121.1 2.375 x 10 -1 8.5 11.14 7000 N2 296.7

LENS-G 2566.4 1.817 x 1() .,_ 121.1 8.452 x 10 -'5 3.(1 11.44 2491 No 296.7

0.1o End of flare _ 25 End of flare---,_

0.08

0.06

_-- DSMC results

j 0.04 \ _k

ONERA R5Ch
\ Separation region

o.02oooiii
I i I,l, llllllll

"0'020.00 0.25 0.50 0.75 1,00 1.25 1.50 175

x/L

20

15

6- 10

o
o.00

ONERA R5Ch
Run numbers

n 1022
v 1026
O 1028
O 1029

/

0.25 0.50 0.75 1.00 1.25 1.50 1.75
x/L

Fig. 4 Skin friction coefficient and extent of sep-
aration (oil-flow data from experiments).

results are very good for the extent of separation and

the heating rat(' distribution; howev('r, ther(' are no-

tic(,able differences for the pressure distribution. The

separation location is the same for both sets of results.

The calculated reattachment location occurs, however,

somewhat forward of the experimental value, and the

extent of the calculated separation (Ax/L) is 98c/ of

th(' nleasurelnellt. The heating-rate distributions ar('

characteristic of those for laminar flows in that the

heating shows an initial decrease at the location of

separation (x/L = 0.76), a cusp-like behavior at the

juncture, and a rapid increase ah)ng tile flare.

Among the surface quantities, the agreement b(--

tween the current calculations and measurements is

the poorest for pressure. This discrepancy is particu-

larly puzzling since the agreement for both heat trans-

fi-r and the h)cations for separation and reattachm('nt

are very good. The trends of the two data sets are

qualitatively consistent; however, the computational

results are consistently higher than the measured val-

Fig. 5 Heat-transfer rate distributions.

ues. As first pointed out in Ref. 4, the 427( discrepancy

near the peak pressure h)cation on the fare is very ob-

vious; however, differences of this magnitude are also

present along the hollow cylinder. In fact, this dif-

ference is a constant. If the experimental pressure

values are multiplied by a factor of 1.4, agreement be-

tween the two data sets becomes very good, as shown

in Figs. 7 and 8, where Fig. 8 presents an enlarged

view focusing primarily on the cylinder.

Additional results are presented in Ref. 8 that ad-

dress the lack of agr(_,ment along the cylinder between

calculation and measurement where the sensitivity of

the surface and flow-field results to variations in the

numerical parameters used in tile results were dis-

cussed earlier: in particular, to determine if the cal-

culated surface pressure is influenced by additional re-

finements and leading edge treatments. Surface results

for pressure (see Ref. 8 for beating rate and flow-field

profih, sensitivity) are given in Fig. 9. Tile influence

of the flare on the hollow cylinder-flare (denoted as

H.C.F in Fig. 9) results extends slightly upstream of
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0.8

0.7

0.6

0.5

0 _ 0.4

0.3

0.2

0.1

0
0.00

Cp = 2(p w - p)OV _. End of flare -,,.-

ONERA R5Ch

Run numbers
# 982

[] 983

0 984

•", 990 /

v 992 [

I> 995 /_
,d 1030 /_,
÷ 1164 /_'

#

• 1166 /

0 1167 /*

-- DSMC j_@_,

_ I i i t I I _ J i

0.25 0.50 0.75 1.00 1.25 1.50 1.75

x/L

0.15

: 0.10
o

0,05

0.00
0.00

*****,*******,,.°°.,,,,,,,,,**********

Experimental data adjusted by a
factor of 1.4 _']

,,, ,, ,**,***,,., ,***,***,,,,,,,,,,,.,, 7ONERA R5Ch
Run numbers

# 982

1:3 983

0 984 7

990 n)D
v 992 _/
i> 995 0 0i,,,.7
<_ 1030 O/_'1_

+ 1164 ,.._0

Ik * 1166
I \ 0 1167 /

' _ - -- DSMC _ #

[]

I L _ _ , I , , , , I , ,u , , I J i i i I i i I i

0.25 050 0 75 1.00
x/L

Fig. 6 Pressure coemcient distributions• Fig. 8 Cylinder pressure coemcient distribu-

tions experimental data adjusted.

0.8

0.7

0.6

0.5

o_ 0.4

0.3

0.2

0.1

0
0.00

Experimental results adjusted by t

....... a factor oL1,.4 ...............

ONERA R5Ch /

Run numbers [

# 982 ,,_
o 983 _-

0 984

z_ 990

v 992 /

I> 995 J

,d 1030 /

,. 1164 _/
• 1166 .Z" \

0 1167 _/_ \
0.25 0.50 0.75 1.00 1.25 1.50 1.75

x/L

Fig. 7 Pressure coemcients--experimental data

adjusted.

tile x 70 mm location, clearly evident in the surface

pressure distribution. Also, the outflow boundary con-

dition imposed (free stream at the end of the cylinder)
has an influence on the surface pressure results that

extends about 6 mill upstre_un of the cylinder termi-

nation. The parametric variations for each of the five

cylinder calculations are as follows: Case 1 was a one-

region computational domain identical to that used

in the H.S.F. simulation (see Fig. 2); for Case 2, the

number of cells and subcells were increased by a fac-

tor of thr¢_, (1,10 x 150 cells), and the time step was

20% of that for Case 1 (15 ns): Case 3 used a time
step of 2.3 ns and the same cell resolution as H.C.F.

and Case 1: Case 4 used a time step of 25 ns and the

same grid resolution as the H.C.F. but had two ex-

tra regions, with additional treatment in front of and

downstream of the leading edge (a region upstream of

the leading edge [-3 mmj and a region that ext(,nded

a short distance [3 mm I downstream of the leading
edge with five times the &x resolution of the H.S.F

case). Case 5 differed from Case ,1 in that it included

two additional regions to account for the influen('e of

the beveled h'ading edge underside. Common to all

the solutions were the four subcells/cell and a scaling
of real-to-simulated molecules such that there were,

on average, approximately 25 simulated molecules per

cell. When tile surface results for pressure and heating

rate (not shown, see Ref. 8) distributions are compared

with the H.S.F. results, there is no effect other than

the expected results very near the leading edge as the

cell dimension in the x-direction (Sx) decreases near
the h'ading edge, one gets aLL ilnprov('d definition of

tile surface quantities where a local maximum occurs

and then decreases in value as the leading edge is ap-
proached (quantities are decreasing toward their free
molecular values but will not achieve the free molecu-

lar values because of upstream influence). As for the

impact of these additional refinements on the down-

stream flow-field quantities, no impact is evident on

the density profiles at x/L locations of 0.3 and 0.6, as

shown in ReE 8. The conclusion s was that the DSMC

results presented earlier for surface pressure are cor-

rect for the cylinder and should be reasonably accurate

for the flare, based on a constant discrepancy of 40%
with n]easurements for both cylinder and flare. Also:

the current DSMC results are in good agreement with
those obtained by Markelov etal. 2] for the ONERA

test case: in which a different DSMC code was used.

Flow-field density, measurements have also been per-
formed at ONERA for the hollow cylinder-flare model

by detecting X-ray emissions from the gas produced

by electron beam in]pact. The experimental results
have been compared r with numerical results obtained

,5 OF 27

,\MEItlCAN INSFITUTE' OF' ,\ERONA["]'I('S AND ASTRONAUrleS PAPER 2001 1027



40

35

3O

25

"E
20

oi

15

10

5

0

p. = 6.30 N/m 2 Cases

=293 K .... i.C.F.

Hollow cylinder-flare (H.C.F,) results and five (1 through 5)
. solutions for hollow cylinder with changes in time step,
7grid resolution, and grid domain near the leading edge.

,l,,,,ll,,lllllll,,,,l,l,,lll''l''''l

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

x,m

Fig. 9 Effect of simulation parameters on cylinder
pressure distributions R5Ch conditions.

by using the current I)SMC results and two Navier

Stokes codes. The agreement b(,tween measurenlents
and calculations is somewhat mixed because neither

DSMC nor Navier Stokes results provided consistent

agreement with the measurements made at three lo-

cations (x/L 0.3, 0.6, and 0.76) ahmg tile cylinder.
Details concerning these measurements and COlllpar-

isons are given in Ref. 7.

Calculations for LENS and LENS-Like Conditions

Four subsections are used to present tile calcula-
tions lnade for LENS or LENS-like flow conditions.

The first section describes the calculations made for a

set of nominal pretest conditions denoted as LENS-A,
where the sensitivity of surface results and the extent

of separation are demonstrated for grid (cell/subeell)
resolution and length of flare (short versus hmg flare).

Insight and experience gained from this portion of the

study were then used to perform the computations for

three CUBRC experimental test cases (LENS-19:-11,

and -9). Results for surface and flow-field structure are

presented in the second subsection for each of the three
test cases. The third subsection presents the results of

calculations used to identify the conditions for incip-

ient separation by arbitrarily varying the free-stream

density of the LENS-9 test condition. The fourth sub-
section discusses the results of the current calculations

when presented in the form of conventional correla-
tions.

Tabulated results from the calculations concerning

the extent of separation and the sensitivity of the re-

suits to various cell/subcell comhinations are included
in Table 2, while information concerning maximunl

pressure and heating-rate values along the 30 ° flare

are presented in Table 3.

Results for LENS-A conditions pretest conditions

This section presents r,,sults of DSM(' calculations

for flow about both th(' short- and hmg-flare hollow

cylinder-flare models at a nominal LENS flow condi-

tion (Table 1), where the flow is Mach 9.57 nitrogen at
a free-stream Reynolds number of 11920 (characteris-

tic length is the cylinder length, L -- 101.7 man, and

the viscosity is given [)y the \'HS l model). The flow is

more energetic than the RSCh conditions; however, the

flow enthalpy is still quite low, and chemical reactions

are neglected for this test case condition. As previ-

ously discussed, the short flare model was assumed to
have tile same outer surface dilnensions as the ONERA

model (Fig. 1), while the long-flare model has simply
an extended flare with the model terminated at the end

of the flare. The long-flare model was included kr in the

experimental program to allow for a complete pressure

recovery on the flare, thus making a more straightfor-

ward comparison with theoretical models. The current

results provide an indication of the sensitivity of the

DSMC calculations to grid resolution, show that the

extent of separati(m is much slnaller than that for the

R5Ch flow conditions, show that the results for the

long and short flare are essentially identical within the

domains common to the two models, and provide infor-

mation conc(,rning the gcn(,ral features of the surfat'e
results and fl()w-field strut'tur('.

016

0.14

0.12

010

E

008

006

004

0.02

0.00

Region F/F I _t/±t_ Cells Subcells
1 1.00 1.00. 70x100 2x2

2 0.35 1.00 100 x 225 2x3
3 0.25 0.25 140 x 375 5x3
4 1.50 0.20 20x180 2x2

Fine-grid results M = 9.57 nitrogen
4-region domain Re _ = 14,920
85,600 cells
964,900 subcetls Xs = 91.1 mm

t ,281,012 molecules x_ = 118.1 mm
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Fig. 10 Flow structure and solution parameters
for LENS-A condition with short flare.

Figures 10 and 11 provide information describ-

ing the computational (tomain, sinmlation parameters.

flow structure {selected Math contours and stream-

lines), and calculated locations for separation and reat-
tachment for the short and long flare CUBRC models,

respectively. (The symbol F in Figs. 11) and 11 de-
notes the ratio of real to simulated molecules.) Thes('

results are for the finest grid calculations resulting

from several computations where grid refinement and
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Table 2 Grid information, flow parameters, and separation results for hollow cylinder-flare calculations.

Condition Fhm, Cells Subcells 3I.. Rc..,L Kn_,L I" y x,., mm x_¢, nun Ax/L

LENS-A Short 85600 964900 9.57 11920 0.00077 0.064 5.86 91.11 118.12 0.265

LENS-A Short 85600 531200 9.57 11920 0.00077 0.061 5.86 90.70 118.60 (/.271

I,ENS-A Long 142 000 1344 250 9.57 14 920 0.00()77 0.06-1 5.86 91.13 117.87 0.263

LENS-A Long 49625 147500 9.57 14920 0.00077 0.064 5.86 93.56 116.09 0.222
LENS-A Long 49625 49625 9.57 14920 0.00077 0.064 5.86 94.79 115.04 0.199

LENS-19 Short 88 100 979900 11.:15 25360 0.00055 0.057 7.12 78.45 125.68 0.,161

LENS-19 Short 85600 85600 llA5 25360 0.00055 0.057 7.42 77.61 125.68 0.473

LENS-I 1 Long 142 000 1 344250 11.28 14 490 0.00094 0.074 9.1,1 99.59 106.35 0.066

LENS-!) Long 146250 1366250 11.44 249111 0.00055 0.057 7.40 79.72 125.07 0.446

LENS-9 Long 1 12000 142 000 11.1,1 24 910 0.00055 0.057 7.40 77.18 126.00 0.180
LENS-B Short 85600 954 100 11.44 17000 0.00081 0.069 9.05 9,1.94 117.84 0.225

LENS-C Short 85600 954 100 11.44 11000 0.00099 0.076 9.98 100.86 104.02 0.031

LENS-D Short 85 600 954 100 11.11 11000 0.00126 0.086 11.21 101.67 102.02 0.003

LENS-E Short 85600 954 100 11.44 10000 0.00138 0.090 11.72 0.000

[,ENS-F Short 85600 136600 11.44 7000 0.00197 0.108 14.09 0,000
LENS-F Short 85600 85600 11.|,1 7000 0.00197 0.108 1,1.09 0,000

LENS-G Short 60000 60000 11.44 2 491 0.00554 0.180 23.55 0.000

LENS-G Long 9678(1 96780 11.44 2491 0.00554 0.18() 23.55 1}.000

Table 3 Maximum pressure and heating rate values along 30 ° flare.

Condition Flare x_e/, mm P,.<q, N/m_ q_el, k\V/m_ P ..... .r/P,'el qm_.e/q,.<,f

LENS-A Long 84.15 66.66 22.16 33.08 15.05
LENS-A Short 84.15 65.15 21.52 34.15 15.61

LENS-19 Short 70.21 63.38 19.53 53.27 21.29

LENS-11 Short 92.61 41.38 14.63 39.14 16.14

LENS-9 Long 71,06 60.44 18.93 53.08 20.97
LENS-B Short 83.74 42.89 14.92 42.78 17.31

LENS-C Short 90.92 36.62 13.65 40.69 15.70

LENS-D Short 90.50 30.23 12.31 39.30 14.84

LENS-E Short 90.08 28.0,1 11.95 38.85 11.30

LENS-F Short 90.05 21.62 10.43 35.87 13.06

LENS-G Long 87.96 9.40 7.12 26.79 9.44

sensitivity studies were performed. Figure 12 is an ex-

ample of the results for the hmg-flare model, showing

the sensitivity of heating rate to different combina-

tions of regions, cells, and subcells a factor of 27 in

subce[l resolution. The effect of grid resolution on

heating shows the expected trend of decreas(,d heat-

ing with lint)roved grid resolution outside the surface

areas influenced by flow separation. Also, the size of

the separation zone increases with improved grid reso-

lution, as indicated by the tabulated results for Ax/L

included in Fig. 12. The peak heating downstreanl of

reattachment is slightly higher for the finer grid re-
suits.

The results presented in Fig. 12 do not demonstrate

grid convergence; however, results for the short flare

model, where the grid was identical to that for the

long flare model for regions 1 through 3. showed that

the surface results were in close agreement for two

solutions, where one solution had the cell/subcell ar-

rangement given in Fig. 10 (same as for the long flare
solution for regions 1 through 3) and the one with the

same number of cells (85 600) but only about half th(,
mmlber of subcells (531 200).

Comparisons of surface results for the short and

long flare models are presented for heating coefficient,

pressure coefficient, and skin friction coefficient in

Figs. 13, 14, and 15, respectively. The results show

that the surface quantities are essentially identical for

surfaces colnlllOll to the short and long flare models.

For this particular LENS nominal test condition, the

extent of separation is only 47_ of that calculated
and measured for the ONERA RSCh test condition.
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Fig. 11 Flow structure and solution parameters

for LENS-A condition long flare.
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Fig. 13 Heat-transfer coefficient results for LENS-

A condition.

Separation

Regions Cells Subcells Ax/L
400 - - ...... 5 49,625 49,625 0.199

"1 .... 5 49,625 147,500 0.222

350 - i 4 142,000 1,344.250 0.263

: q

3OO

25O

'_ 200

150 ."

IO0

5O

0 " I I I I h I n _ n _-r n i [ i I i , , , i J J

0.00 0.05 0.10 0.15 0.20

x,m

Flare, Grid for 4-region domains
1.0 - Cells Subcells

.... Short 85.600 964,900

0.9 - __ Long 142.000 1,344.250

0.8-!

07 i

0.6 -

o _ o.5 i

0.4

0.3 -

Cp= (Pw- P.) / (0.5 p. V!)

0.513. V 2.= 2,516 N/m t

p. = 39.2 N/rn _

o2- /0.1 _,

0.0 _,">-r-_,.. : ..... j , _,_ , , _ , ,
0.00 0.05 0.10 O15 0.20

x,m

Fig. 12 Effect of grid on heating rate--long flare

at LENS-A condition.

With the smaller extent of separation, the calcula-

tions suggest that the short flare is sufficiently long

to negate any influenc(' of the expansion at the (!nd

of the flare on the rcattachn]ent location. How(wer,

the end of flare expansion produces a thinning of the

boundary layer and significant changes in the surface

quantities decreasing pressure (Fig. 14) and increas-

ing heating (Fig. lay and friction (Fig. lay. The sam('

trends are evident for the short-flare model where the

flow expands to the cylindrical extension at x = 0.145,

as is clearly evident in the heating and friction results

(also examine Fig. 16).

Composite plots for heating rate, pressure, and skin

friction are given in Figs. 16 and 17 for the short- and

long-flare models, respectively. These data sets pro-

vide inforn]ation on the correlation of the three surface

Fig. 14 Pressure coefficient results for LENS-A
flow condition.

quantities and explain how they are influenced by' sep-

aration. The general qualitative features are the same

as pr(wiously discussed for the I15Ch test conditions.

Figur('s 18 through 20 provide information describ-

ing the flow structure for the short flare. Contours

for nondimensional density', overall kinetic tempera-

ture, and scalar pressure (nkT, where T is the overall

kinetic temperature) are included. The flare-induced

advers(' pressure gradient is evident in Fig. 20 where

the isopressure lines coalesce into a separation shock

that compresses the flow to a maximum density, of

29.6 times the free-stream value. Along the surface

and downstream of reattachment are the locations for

maximum density and scalar pressure, with magni-

tudes equal to 29.6 and 57.2 times their respective

free-stream values. When the current calculated re-
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Fig. 15 Skin friction coefficient results for LENS-

A flow condition.
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Fig. 16 DSMC surface results for LENS-A condi-

tion (short flare).
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Fig. 18 Density contours for LENS-A condition

(short flare).

suits for the LENS-A condition are compared with the

calculated results for the RSCh flow conditions, the

maximum density is a.25 times greater and occurs at

the surface rather than in the shock layer as it does

for the RaCh case (Fig. 3). Also, the temperatures

are much higher, the maximum temperature being 2.8

times greater. For the maximum scalar pressure, the

calculated LENS value is 6.2 times that calculated for

the IlaCh ('ondition. Additional details conc_'rning the,

calculations for the LENS-A condition, particularly

body normal profiles, are included in Fief. 8.

The experience resulting from the calculations of th(,

LENS-A condition influenced the approa('h that was

used for simulating three LENS test conditions dis-

cussed in the next section.

E
>_

0.10 [ TM,, = 1743 K

0,060'08_i Z =194.1K .____

_200---"--

o.o4
0.02 /

_--- IOOOK J _ 1500K

0"000.00 0.05 0.10 0.15
x,m

Fig. 19 Overall kinetic temperature contours for

LENS-A condition (short flare).
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Fig. 20 Scalar pressure contours for LENS-A con-

dition (short flare).

Calculations for LENS test cases ll, 19, and 9

This section presents the results of DSMC calcu-
lations for three experiments conducted at CUBRC 9

with tit(' LENS tunnd. The three test conditions (Ta-

bit, 1) are (h,noted as LENS-11, LENS-19, and LENS-9.

Based on the _ and I" parameters as previously de-
fined, the flow for each of these test conditions is in the

merged layer regime (I" > 0.15) for at [east the first

I()_X of the cylinder length, while tim remaining flow

ahmg the cylinder is in the strong interaction regime

(y > 3).

Even though many figures are presented describing
the results (Figs. 21 through 58), the discussion will

be brief since the material presented is repeated for

(,a('h of tit(' three test cases, and tit(' forlnat for prestm-

ration is sinfilar to that used previously for presenting

the LENS-A results. The experimental measurements

for surface heating and pressure will be presented for
the first time in Ref. 9. The three test conditions art.'

for Math 11 nitrog_ul and Reynolds numbers of 14 000
and 25000. The LENS-11 condition is for a higher

Math number than the pretest LENS-A condition: but

for approximately the same Reynolds number condi-
tion. Consequently, the LENS-11 viscous interaction

and rar(,faction parameters art, greater than the cor-

responding values for LENS-A (Table 2). Therefore,

no grid sensitivity study was made for this test con-
dition (more rarefied); instead, a grid similar to that

used for the finest grid LENS-A calculation was used.

As expt,(:tt,d, results for the current calculations show
that the flow structure for LENS-11 is different from

that for the LENS-A condition in that a much smaller

separation region is calculated (a Ax/L equal 0.066
rather than 0.263), indicative of the vt'ry strong effect

of Math number fi)r interacting hyp_,rsonic flows.

The observed effect of Mach number is consistent

with the experimental findings of Holden 22 and Del-

err ''a which show that the upstreant influence and

separatiofq length decrease with Mach number for fixed

ramp angh' and Reynolds nunfl)er. The LENS-11

and LENS-A computations are for the same flat(' an-

gle, essentially the same Reynolds number, and Math
numbers of 11.28 and 9.57 respectively. The nor-

malized extent of separation and upstream influence

(distance from cylinder-flare junction to the upstream

separation location) for the two flow conditions are

0.066/0.021 and 0.263/0.104, respectively.

The LENS-19 and LENS-9 cases are for higher

R.eynolds number conditions than LENS-I1 and the

ftow conditions are approximately the same for these

two test cases. The only significant difference for the

two flow cases is with the test model configuration

short flare for LENS-19 and long flare for LENS-9.

Since these two test cases were at higher Reynolds

number conditions, two solutions were generated for
each test case. The first soluti(m was made with-

out subcells, while the see(rod solution was made with

approximately the same cell arrangement (minor tun-

ing) and time steps, but with a significant numb('r of

subcells, particularly in the regions where separation
and reattachnlent occurrt'd rt,gions 2 atttt 3. r(,spec-

tivel.v. Tht, additional st)atial resolution provided by

the subcells: for the current cell resolution, has a small

impact on the extent of separation (Table 2) and sur-

face results (Figs. 57 and 58): in fact, the extent of

separation is slightly smaller with subcells, as was the
case for the LENS-A short flare calculations. The sub-

sequent results will show that the calculated flow-field

and surface quantities for LENS-19 and LENS-9 cases

are essentially the same. Also, the calculated effect of

short versus long flare (LENS-9 versus LENS-19) has

no obvious impact on the flow structure or extent of

separation (Table 2), as were the results for the LENS-
A condition.

Figures 21 through 53 present information for each

of the three experimental test cases with respect to the

following quantities: numerical sinmlation parameters;
information concerning simulation history: calculated

surface heating, pressure, and skin fiiction distril)u-
tions: flow-fidd contours for density, overall kinetic

temperature, scalar pressure: and radial profiles for
density, pressure, temperature, and tangential veloc-

ity at various locations along the cylindrical portion
of tit(, inodel. These results are for the finest grid so-

lutions (Table 2).

Tim only additional information presented in this
section that was not discussed for the LENS-A cal-

culations is the sinmlation history data. Figs. 22, aa,
and 44. These results provide a history of the simula-
tion in terms of the total number of molecules and

the average number of molecules per cell for each

computational region. As noted previously, the cur-
rent calculations are not time accurate in that the

flow regions are not advanced with the same time
step. Details on a regional basis are useful in identify-

ing necessary', but not necessarily sufficient conditions
that should be satisfied before tim,,-av('raged results

ar(, extracted. The current results indicate that the

time to achieve a steady state condition increases sub-

stantially as the extent of separation increases. This
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behavior is demonstrated for LENS-11 and-19 (see

Figs. 22 and 33) where the calculated extent of sep-

aration (.Xx/L) is 0.066 and 0..161, respectively, and

the time required to approach a quasi-steady or steady

stat(, is much longer for th(' LENS-19 case.

For the two higher Reynolds number conditions,

nonequilibrium aspects of the flow are clearly evident
0.200

(for example, Figs. 39 through 42 for the LENS-19 re-

suits) along the cylindrical portion of the model wh('re 0_75

u,mp_,raturv .julnp and velocity slip are present. A

lack of translational equilibrium occurs because the 0150

individual translational temperature components (not 0125

shown) difDr substantially, particularly adjacent to E
the surfitce. Collsequently. the scalar pressure (nkT) :a o loo

of the gas adjac_'nt to the surface is not the same as
0 075

the surface normal pressure (p .... the normal force per

unit area exerted by the gas on the surface). The 0.050

scalar pressure adjacent to the surface is greater than

the surface normal pressure. Additionally, the surface 0025

normal scalar pressure profil('s experience substantial 0.000

gradients adjacent to the surface along much of the

cylinder (Figs. 10 and 51).

Figures 51 through a6 provide a comparison of the

calculated lwating, pressure, and friction coefficients
for the three LENS test conditions. The LENS-19

and LENS-9 conditions produce essentially the same

surface results for the two test configurations short

and long flare, respectively. Also, the pressure over-

oxpallsion __tlld rccomprvssion along the flar_' is lll()re
significant for the higher Reynolds number cases, and

this pressure response is clearly evident in the heating

(Fig. 54) and friction (Fig. 56) results.

Th(' effect of additional grid r_'finement by means of

incr('asing the number of subcells produces very snmll

changes in the extent of separation for the LENS-19

and -9 cases. Nor the calculated surface distributions, 3E+OS

again, the additional grid refinement had negligible im-

t)a('t on the results, as is d('m(mstrated by the heat 2.5E+06
transfi'r and pressure' covffi('i('ilt comparisons for the

LENS-19 results shown in Figs. 57 and 58, respec-
tively. Of course, if the cell resolution had been much 2E+06

coarser initially, then there would have been a very"
clear impact of additional grid rel-itt(,nlent by either in- o_ 5E÷06

cr('asing the numb_,r of calls or sul)cdl, as is som_,what

evident in the results of Fig. 12. _E.06

Region F/F_ kttkt_ Ceils Subcells
1 100. 1.00 70x100 2x2

2 0.28 1.00 100x225 2x3
3 0.18 0.25 150x375 5x3
4 0.50 0.25 150x375 3x2

Fine-gnd results M = 11.28 nitrogen

4-Region domain Re.. c = 14,490
142,000 cells
1,344,250 subcells

2,569,647 molecules _]
,At,= 20ns 1"5;'5_
t_ ,_ = 1.40 to 2.24 ms

F_ = 1"7x 10_ M=11.1J

3 xs = 99.59 mm

__,_,,o,'- x_ = 106.35 mm

# =0.0665
I , i J , I , , , _ I J , _ = I , , I I ] I
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Fig. 21 Flow structure and solution parameters
for LENS-II condition.
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Fig. 22 Simulation history ['or LENS-11 condition.

12 OF 27

,\MERI('AN ]NSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2001 1027



25O

20O

150

d-
100

5O

.... p

--q
..... 5x'c

(xfL) S = 0979
(x/L) R : 1 046
Ax/L = 0.0665

/

T = 297.2 K

i i i i I , , i i I t , i I I i t I L I i

00 0,5 1 0 15 2.0

x/L

2O00

1500

_E
1ooo

5O0

Fig. 23 Surface distributions for LENS-It condi-
tion.

0.12 I (P/P')u" = 30'5 2/

010_ P = 5,066 x 10.4 kg/m _ ,,,,_/f

oo8_ " :o_

0.06 i _1.o5"_ _-

oo, '-Max
Z I............s...........

" 0.00 0.05 0.10 0,15 0.20

X. ITI
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Fig. 32 Flow structure and solution parameters

for LENS-19 condition.
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Fig. 46 Density contours for LENS-9 condition.
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Fig. 59 Friction coefficient distributions-- para-

metric variations (free-stream density) to identify
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Fig. 58 Effect of grid refinement on pressure co-

efficient for LENS-19 conditions.

Conditions for incipient separation

Calculations have been performed to identi_,

the conditions for incipient separation, the largest

Reynolds nunlber fiJr wtfich the flow remains attached,

for the current hollow cylinder-flare configuration. The

free-stream conditions are based on the LENS-9 test

case. The Reynolds number variation is achieved by

varying the free-stream density, producing the condi-

tions identified as LENS-B through LENS-G (Table

1). Consequently, the calculations are for Math 11.14

nitrogen at a wall temperature of 296.7 K, and the key

calculations are made with the short flare. Table 2 in-

('htdes infl)rmation regarding the calculated locations

and extent of separation, whih' Figs. 59 through 61

present representative surface results, primarily fric-

tion distributions.

4o

30

2o

10

-lO

- - 2 491..... v,..,. .it,-og_ iij
. '_Y2 . /----- m'nn_ M = 11.44 _ _]

11 'nnn V = 2,566.4 mts tl/]
_-_-- "i4'_nt_ T_=121.1K /,'# I'

____--_ i;;:50() Tw = 296.7 K )_4'-

.J': Y' /
....... V-% ,.G..__ ......."_""' J'_ V_- )2";%." e

. ,_. ;.,"4 r = 0.0

L=O.1017m
, , i , , i , I _ , i i I i i i , I , ,

0,90 1.00 1.10 1 20
xlL

Fig. 60 Detail in separation region for various free-

stream Reynolds numbers.

Based on these calculations, a free-stream Reynolds
number of 10 000 is identified as the approximate con-
dition for incipient separation. Figure 59 presents
the skin friction coefficient distributions for several

of the computations made for Reynolds numbers be-
tween 2 491 and 24 910. The results show the expected
trend of friction coefficient decreasing with increasing
Reynolds number. The data also shows that the peak
value on the flare (if the long flare had been used
for all calculations) moves upstream with increasing
Reynolds number. Also, the shape of the distribu-
tions at the juncture of the cylinder and flare (x/L .....
1) is characterized by a dimple or downward point-
ing depression that approaches zero for a Reynolds
number of 10000. As the Reynolds number increases
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Fig. 61 Calculated surface coetttcient distributions

for incipient separation condition.

beyond 10 000, tile direction of the dimple reverses and

points in a positive direction from a negative position
or value.

A more detailed view of the friction results in the

separation region is presented in Fig. 60. Figure 61

presents the heating, pressure and friction coefficient
distributions for the incipient separation flow condi-

tions.
Note that the maximum surface values are not re-

alized along the short flare for the lowest Reynolds
number condition. For this flow condition, the short-

and long-flare surface results are the same for all sur-

face quantities except for the last few mm prior to the

flow expansion onto the cylindrical extension. This

rapid flow expansion produces a significant increase in

the surface friction (not shown), as is evident in the

other short-flare, higher Reynolds number results pre-

sented in Fig. 59.

Current results compared with correlations

This section discusses how the present results con>

pare with correlations that have evolved fi'om analyses

and experimental observations. 2°'''4''-'s The first com-

parison is with the incipient separation correlation
based on the findings of Stollery, '-'_ Needham 2° and

Holden "-'l where the product of the fi'ee-stream Math

number and the surface deflection angle Oi are plotted

versus the hypersonic interaction parameter 7_with the

experimental data supporting the following relation,

.w o, = cv/- (s)

which can also be expressed (using Eq. 7) as

o, (9)

The value of C - 80 in the previous equations has

stood the test of time in successfully correlating a sub-

stantial body' of both experimental data and numerical

solutions. This correlation is shown as the solid line in

Fig. 62. The correlation indicates that the domain at
or below the solid line would be attached flow, while

the domain above the incipient separation condition

would (,xp(,ri(,nc(' separation.

103

_;" 102

10 _
10 _

M " C'-- ,os '- 1 "
v_= t Z ) .... I

!

where O is the ramp or flare / -/""
angle in deg., C = 80 for 2D I /-/_, _ _
flow, and C = 100 for current [A l_j]_ -- O

axisymmeldc calculations _/"J J

_/ _ Separated I

|[
I I i I I I I I I I I I i i ill i i

10 _ _ 10'

Fig. 62 Incipient separation as a flmction of the
hypersonic viscous interaction parameter and com-
parison with correlation (solid line) of Ref. 20.

Also. Fig. 62 pr(,sents the current results wher(, tit("
circles denote results for attached flow and th(' squares

denote separated flow. For the correlation to agree
with current axisymmetric calculations, the value of

the constant would have to be 100 rather than 80:

that is. a higher incipient s(?aration angle than tit('
standard correlation. However, as has been noted 1)3'

Stollery, 26 most of the experiments on which the cor-
relation is based were done on low-aspect ratio fiat

plates with no side walls. A study" of turbulent flows
by Col_unan and Stollery/r comparing 2D and axisym-
metric tests shows an unmistakable trend in which the

axisymmetric models have higher incipient separation

angles. Consequently, the trend of the present find-

ings art, consistent with tit(' trends resulting Donl tlw

Coleman and Stollery er study. Also as pointed out by

Stollery= 2a one probably would expect this trend on

the physical grounds that the overall pressure rise for

a given flare or flap angle is lower on the flare than on

a 2D flal).

Once separation occurs, the growth of the separation

region and the state of the flow (steady and laminar

issues), with increasing Reynolds llUllll)(ir, is of inwr-

est. Figures 63 and 64 present the current results for

the extent of separation as a function of Reynolds and
Knudsen numbers, respectively'. The extent of sepa-

ration increases v(,ry rapidly with Reynolds nulnt)er

once separatioll is initiated. The Mach nUlllber et[(Rtt

is evident with the one data point at Math 9.57 (long

flare), while all remaining values are near Math 11..1.
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Fig. 64 Calculated extent of separation as a func-

tion of free-stream Knudsen number.

When the results are plotted as a function of Knud-
sen numb_,r (incorporates both Reynolds and Mach

elders), the trend is as shown in Fig. 64. Once the

('xt('nt of separation has achieved a relatively sInall

vaht(', say 3_/(. the separation growth is approximately

linear, with decreasing Knudsen number for the range

of conditions investigated.

A key issue with shock/shock and shock/boundary

layer intt'ractions is the r('sulting heating rate and

pressure amplifications. Along the flare, the flow ex-

periences a recompression shock and boundary layer

thinning, both factors producing a peak heating that

can be correlated with the peak pressure: i.e.,

qm_z/q,.¢/ = A(Pn, ax/P,'<f) R (10)

• . .)_Marlin _ has presented comparisons of numerical re-

Fig. 65 Present results compared with peak heat-

ing correlation of ReL 28 (solid line).

suits with a broad range of experimental mcasur(,-

ments for sharp leading edge ramp configurations in

terms of Eq. 10, where a fit is obtained for A = 0.73

and B = 0.8. The "ref" quantities are selected at a

location upstream of the ramp or flare such that val-

ues are unaffected by the downstream flow deflection.

The results of Marini's correlation are shown by the

solid line in Fig. 65. The current results, represented

by symbols (Fig. 65), agree well with the correlation.

Table 3 pres(-nts detailed information conc(Tning th("

current results location and magnitude of reference
values, along with the maximum pressure and heating

quantities along the flare.
The current DSMC calculations ti)r the hollow

cylinder-flare configuration/s have provided results for

four test conditions, one in the ONERA and three

in the CUBRC test facilities. Comparisons with the

ONERA data are shown to be good with the ex-
ception of surface pressure. Additional solutions ar("

presented that examined the conditions for incipient

separation. Flow-field and surface results are pre-

sented that demonstrate their sensitivity to numerical
parameters and the nature of the agr(._ment of the

current results with existing corrdations.

Sharp Double Cone Results

The results presented in this section are fl'om

Ref. 10, in which DSMC calculations were made for
both the ONERA R5Ch and the CUBRC LENS flow

conditions for model configurations that have been or
will be tested. Some of these results are included

to highlight situations where the shock/shock inter-

actions are much stronger than those previously dis-

cussed for the hollow cylind('r-flare cases. For the

double-cone models investigated, tlw first cone half

angle is 25 ° , while the second cone half angle is either

55 ° or 65 °. The DSCM calculations for the larger half
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angle cones have been made at R5Ch flow conditions

for a range of model sizes and assumed variations in

free-stream density. This range of flow and model pa-

rameters provided both attached and separated flows,

including large separated flow regions as is described

in Refs. 4 and 5. For the largest Reynolds mnnber

flow condition (Re_,a = 25719) investigated in these

studies, the Navier-Stokes calculations by ()l<jniczak '_

indicated that flow was possibly unsteady. Recent

calculations by Bird :m for this problem, using a time

accurate DSMC simulation, also show the flow to be

unsteady with time-varying surface pressure values in

the separated region. Since experiments have not been

conducted for the 25/65 double cone. only a summary

of the results for the 25/55 configuration is presented.

Table 4 lists the free-stream conditions for the cal-

culations. Table 5 presents information concerning the

effect of grid resolution and flow conditions for calcu-

lated size and location of the separation region. The
identifiers used for the various LENS and LENS-like

flow conditions are as follows: 1) a number extension,

as in LENS-28, is a CUBRC run with a run number of

28, and 2) a dual letter extension denotes a LENS-like
condition where the first letter is the identifier used

in Ref. 10, and the second letter "C" (cone) is us('d
to avoid confusion with the identifiers used for the

hollow cylinder-flare cases. As indicated in Table 5,
calculations have not been made for an actual CUBRC

test condition. The identifier (:()de is as follows: "BC"

denotes nominal pretest conditions for which grid sen-

sitivity studies were made; ':AC" denotes actual test

conditions as reported in Ref. 18 (condition "A" in

Table 1. of Ref. 18). Note that only minor differences
exist in the flow conditions for LENS-28 and LENS-

AC. "CC" denotes assumed conditions (adjustment of

LENS-AC density) to achieve a specific Reynolds num-

ber.

Pretest (LENS-BC) and Test (LENS-AC)
Calculations

This section focuses on results for the LENS flow

conditions where the maximum model diameter d is

261.8 ram. The initial calculations were made for

pretest nominal conditions (LENS-BC). A grid Sell-
sitivity study was conducted, and the results of this

study: as it impacts the extent of separation (As/Li
where %" is surface distance measured from the cone

vertex and LL is the length of the first cone) and

surface heating-rate distributions, are presented in

Fig. 66. The qualitative characterization of the grid

listed in Fig. 66 and Table 5 is I for intermediate, C for

coarse, and VC for very, coarse. The finest grid used in

this exercise is described as intermediate because grid

independence was not demonstrated additional grid

refinement is necessary to indicate whether the current

intermediate grid is adequate.

Once information became available about the test

1500

1250

1000

750

d

500

250

Separation
Grid Cells Subcells As/L.

It ...... VC 39,429 39,429 0.18B

.... C 81.240 81.240 0246
I 81,240 396.240 0.269

Mach 9.25 nitrogen
25°/55 ° double cone
d = 261.8 mm

Re d=42.150

V = 2 657.9 m/s
£ = 7.78 x 10 4kgtm _
TI = 198.9 K
Tw = 293 K

, L_ = 101.59 mm

I i i , i J n , t , I , , I

0.0 0.5 1.0 1.5 2.0 2.5

s/L_

Fig. 66 Effect of grid on heating-rate results for a
pretest nominal LENS flow condition.
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2 40x 240 3 x I _#1 d = 261.8 mm
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54 80x24020x200 2X2txl /a/_ I L_=10741mm
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7 100 x 200 2x2 // Lf
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/_ /_edi/_ ate grid results
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Fig. 67 Flow structure and simulation parameters
for 25°/55 ° double cone (LENS flow).

conditions used in the CUBRC experiments, is the

finest grid used in the pretest grid investigation was
then used to make a calculation for the LENS-AC test

conditions (h-(,e-stream c(mditions included in Fig. 68),

and selected results are presented in Figs. 67 and 68.

The general Datures of the shock layer structure are

given in Fig. 67 where selected Mach contours are in-
cluded, along with details of the numerical parameters

used in the simulation. Values for the surface quart-

tries are shown in Fig. 68. For the surface pressure

distribution, the calculated values outside the region

that are influenced by the shock/boundary layer inter-

actions are in dos(" agreem('nt with the inviscid cone

values (Ref. 29) of 948 N/n[-' along the 25 ° cone and

3710 N/m: along the 55 ° cone. Details concerning

the flow structure are presented in Ref. 10 where the
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Table 4 Free-stream and surface conditions for sharp double cones.

['x,. Px × 101 • n_ x 10 ....._', Tx. Px, 7'u,,

Facility m/s kg/m :3 m -a K N/m _ Gas Mx K

CUBRC LENS-28 2664.(/ 6.345 1.407 185.6 36.05 A':_ 9.39 293.3

CUBRC LENS-AC 2 713.6 6.808 1.463 194.1 39.21 ,\':_ 9.56 297.8

CUBRC LENS-BC 2657.9 7.782 1.673 198.9 45.93 5":2 9.25 293.0

CUBRC LENS-CC 2713.6 8.647 1.858 194.1 49.80 5"2 9.56 293.0

ONERA RSCh 1 418.7 4.303 0.895 51.0 6.30 Air 9.91 293.0

Table 5 Results of DSMC calculations for sharp double cones.

Cone parameters Test Separation Rrattachment

Angh's Ll, nun d, mm Grid condition Rex_,d X S, nllll XR, nnn --kx/Li -ks/Ll

25 °

25 °

25 °

23 o

25 °

25 °

25 °

/35 ° 101.6 261.8 I LENS-AC 38340 80.02 99.87 0.196 0.265

t55 ° 101.6 261.8 I LENS-BC ,12 150 80.01 100.10 0.198 0.269

t55 ° 101.6 261.8 C LENS-BC 42 150 80.60 99.17 0.182 0.246

/55 '_ 101.6 261.8 VC LENS-BC 42 150 84.00 97.81 (}.136 0.186

t35 _ 23.8 66.4 I LENS-AC 9 730 21.75 24.61 0.111 0.154

t55 ° 25.8 66A I LENS-CC 12360 21.45 21.71 0.127 0.179

/55 ° 25.8 66.4 I RSCh 12360 21.17 25.36 0.162 0.229

1400 _ . -112000
I" Mach 9.56 nitrogen V - 2713 6 m/s -I
t 25°/55° double cone p°-6 808x 104 kg/m3]
i- d=261.8mm T_-_1_4 1K

1200 _1 Re ,=38.340 1 T_-2978K -110000
_'l L_--"I01,59 mm | w- . ]
i- i L 2 = 107A1 mm _ J

1000 _I Intermediate-grid _1 -78000

Fi _,u,t, '11 .... p 3
8°°[-1 _tl_ --q /.....

_ _ Ss/L_ = 0.869 Ili _ "--_

Ei" 600 _ / s_JL = 1,134 l II /

,I  ,,c=0.265,'ll ,--....
\ ' / ,\ i-. ' -12o00

200 £"_" _.V._

.... .... .... 0I ,.,, .r'-_l'[', , , , ,_____.
0

O0 0.5 10 1.5 2.0 2.5

_L,

Fig. 68 Calculated surface results for double-cone
model at a LENS test condition.

calculations show that the maximum values for den-

sity and scalar pressure are 155 and 319 times their

respective free-stream values and that there is a maxi-

mum overall kinetic temperature of 3 104 K. Compar-

isons of translational and internal temperature pro-

files show that the thermal nonequilibrium effects are

confined primarily to the outer bow shock crossings.

Opportunities will exist for comp_u'ing the present re-

suits with the experimrntal measurements (heating-

rate and pressure distributions) when the CUBRC

data are released)

25°/55 ° Cone With A Diameter of 66.45
mm--LENS and R5Ch Conditions

To (,xamine the eff('ct of diff(,r(,nt ext)(,rim(,ntal t('st

conditions on surface and flow-fidd features, a com-

mon mode[ (one that could be potentially tested in

RSCh) is used for making calculations at both ON-

Ella R3Ch and LENS nominal wst ('onditions. The

model configuration is one that has been used in the

CUBRC tests, but the maximum model diameter is

66.45 mm rather than the 261.8-ram-diameter model

tested. ReDrence 10 presents information concerning

flow-field fl'atures and computational i)aram('t(_rs for

the smaller models. Figures 69 through 71 include in-

formation concerning surface results for heating, pres-

sure, and friction coefficients, respectively. Table 5

provides information con('(,rning the location an(l (,x-

tent of separation.

When the calculation is made for the LENS-AC test

conditions, the size or extent of the shock layer is

slightly smaller, and th(' siz(, of thr subsonic r(,gi(m

and extent of separation are noticeably reduced when

compared with the results for the R5Ch flow condi-

tions (see Ref. 10). Data are also included for a flow

condition reDrred to as LENS-CC, where an adjust-

ment to the density of the LENS-AC t(_st condition is

made to produce a larger free-stream Reynolds num-

ber: a value equal to that of the R5Ch test condition.

The surface heating, pressure, and friction coefficient

results prrsrnted in Figs. 69 through 71 show to what

extent the distributions ar_, consistent. D)r th(' surface

region where separation occurs, the surface coefficient

values are much larger for the LENS test conditions
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Fig. 69 Heat-transfer coeffit'.ient distributions for

double-cone models.

Fig. 71 Friction coefficient distributions for
double-cone models.

Flow condition Re 0.Sp V2 N/m 2
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....... R5Ch A 12.360 433

3
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0 I , _ , J 1 , J _ i 1 i i i , I J , , J I
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Fig. 70 Pressure coefficient distributions for

double-cone models.

than those for the RSCh condition. Of course, the di-

mensional heating and pressure values are nmch larger
for the LENS conditions, about an order of magnitude

difference in heating rates. The effect of increasing the

free-stream density of the LENS-AC condition to pro-
duce the LENS-CC conditions (same Reynolds number

as the RSCh case) is clearly evident in the beating and

friction coefficient distributions and extent of separa-

tion (Table 5), but has a minor effect on the pressure
coefficient distribution.

Concluding Remarks

Results of a computational study ar(' presented for

Math 9.3 to 11.4 flow about hollow cylinder flare

and sharp double cone models where the combina-

tion of model configurations, size, and flow condi-

tions produce a significant range of shock/shock and

shock/boundary layer interactions. The computa-
tions are made with the direct simulation Monte Carlo

(DSMC) method, hence, low Reynolds number flows.

The results presented provide insight into the nature of
the shock interactions, their impact on surface quanti-

ties, and the sensitivity of the results to computational

parameters for flow conditions that can be produced

in current ground-hased facilities.

Results of the hollow cylinder-flare calculations are

compared with the experimental surface measure-
ments made in the ONERA RSCh wind tunnel (Mach

9.91 air at a /_ezv,r, = 18916). The extent of the

calculated separation region is very sensitive to the

grid resolution used a coars(' gri(t results in a smaller

separation region. Results for the finest grid investi-

gated show very good agreement with the experhnen-
tal measurements for the separation and reattachmcnt

locations and surface beating. For surface pressure.

the agreement between calculation and lneasur(,inent

is poor the calculated values are uniformly high along
both the cylinder and flare by a factor of 1..1. Addi-
tional DSMC calculations are made for the cylinder to

examine the impact of additional refinement of solu-

tion paralneters and h!ading edge tr(,atment, and the

results show no significant impact on the previously re-

ported results. Based on these findings, it is believed
the DSMC results for surface pressure are correct along

tit(" cylinder and should b(, reasonat)ly accurate for the
flare.

Also, DSMC results are presented for two hollow

cylinder-flare models, one having the same outer sur-
face as the ()NERA model and one with a hmger flare.

which has been tested for a range of conditions in
the CUBRC LENS tunnel. Calculations are made for

three of the LENS test conditions for nominal Mach
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1 1..1 nitrogen tlow at Re_.t, of 1-I 490 to 25360). Addi-

tional calculations were made at lower Reynolds num-

b_,r values (assumed density variations) to calculate

the conditions for incipient separation. Information

('onc(,rning the ('ff_,ct of grid r(,solution is present('d,

along with detailed data concerning surface results and

flow structure. Comparisons of the calculated data

with existing correlations based on experimental mea-

sur(,ments art' consistem with respect to the following:

1) qualitativ(, trends as to the eff('ct of Math number

and Reynolds number on the extent of separation and

upstream influence of a compression flare (ramp): 2)

qualitative and quantitative agreement of peak heat-

ing and pressure along flare: and 3) the conditions fi)r

incipient separation.

For the 25°/55 ° double-cone configuration models,

the extent of separation, as a flmction of flow condi-

tions, is demonstrated for both LENS and R5Ch flow

conditions. Results of a grid sensitivity investigation

art' discuss(,d, and surfa('_ _ results are presented for flow

conditions (Math 9.56 nitrogen at a Re_c,r = 3s340)
that are approximately the same as those of a LENS-

28 test that has been completed.

()ptmrtunities will exist fl)r comparing some of the

current results for both the hollow cylinder-flare and

double cone configurations with experimental mea-

surements for surface heating and pressure distribu-

tions.
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